Abstract: Mesomorphic structures of hydrogen bridged poly(4-vinylphenol) -N,N-dimethyl-n-octadecylamine (PVPh-NDOA) and PVPh -N,N-dioctadecylmethylamine (PVPh-DOMA) mixtures were investigated by means of wide angle X-ray diffraction, small angle X-ray scattering, and IR spectroscopy. Octadecyl chains of the PVPh-NDOA and PVPh-DOMA mixtures showed hexagonal α H and orthorhombic β O packing, respectively. In addition, PVPh-NDOA and PVPh-DOMA formed lamellar structures with periods of 3.5 and 2.5 nm, respectively.
Introduction
Design of mesomorphic structures is one of the key subjects in recent science of polymeric materials [1] [2] [3] [4] . Various strategies have been employed to build up nanoorganized structures of polymeric materials [1] [2] [3] [4] [5] [6] [7] [8] [9] . Amongst them, in mixtures of polymers with small molecules, nano-organization has been achieved by ingenious usage of hydrogen bonds [1, 2, [5] [6] [7] . Remarkable features of hydrogen bonded polymer-small molecule assemblies are multiple phase formation and drastic response to slight changes of the environment, because hydrogen bonds are susceptible to, e.g., temperature and the presence of a solvent [1, 2, 5, 6, [10] [11] [12] [13] [14] [15] [16] [17] .
Previously, we have found that hydrogen bonded poly(4-vinylphenol) (PVPh) -tertiary amino lipid mixtures form mesomorphic phases like a comb-shaped polymer [15] [16] [17] [18] . The formation of the organized structure in this system depends linearly on the length of the alkyl chains. However, slight changes of the environment, such as temperature and solvent, cause drastic changes in the organized structures of the mixtures because the balance of interactions is shifted [5] [6] [7] [8] [9] . Therefore, it is predicted that the number of long alkyl tails of the tertiary amino lipid strongly affects the nanoorganized structures. In this study, we investigated the self-organized structure in hydrogen bonded PVPh -N,N-dimethyl-n-octadecylamine (PVPh-NDOA) and PVPh -N,N-dioctadecylmethylamine (PVPh-DOMA) mixtures.
Experimental part
PVPh ( 4400 = n M and 8700 = w M ) was supplied from Maruzen Petrochemical Co., Ltd. NDOA and DOMA were purchased from Tokyo Chemical Industry Co., Ltd. All samples were used without further purification. PVPh and lipid were weighed to be in 1:1 stoichiometry between repeating units of PVPh and amino groups and dissolved in 2-propanol at c. 40˚C. The solutions were stirred until they became clear. After the solutes were perfectly dissolved, the solvent was evaporated at ca. 50˚C. The resulting PVPh-NDOA and PVPh-DOMA mixtures were dried at 50˚C under reduced pressure for 1 day. IR spectroscopy was performed using a Perkin Elmer GX2000R infrared spectrometer at the Instrumentation Center of The University of Kitakyushu. All the IR spectra were measured at a resolution of 2 cm -1 . Wide angle X-ray diffraction (WAXD) measurements were carried out using a Rigaku RD-2 X-ray diffractometer equipped with an imaging plate. Small angle X-ray scattering (SAXS) measurements were performed at the BL40B2 station at the SPring-8, Hyogo, Japan. Two-dimensional SAXS patterns were obtained by a Rigaku R-AXIS IV++ (a 30 cm x 30 cm imaging plate). The one-dimensional SAXS profiles were converted from the two-dimensional SAXS patterns by circular averaging. Fig. 1 shows the WAXD pattern of the PVPh-DOMA mixture. For the PVPh-NDOA mixture, the Bragg spacing of crystalline packed alkyl chains has been already estimated to be 0.41 nm in our previous study [17] . Since the PVPh-DOMA mixture indicates 3 diffraction peaks clearly, octadecyl chains of the mixture also form a crystalline packing. The Bragg spacing of the PVPh-DOMA mixture calculated from the strongest diffraction peak is 0.44 nm which is similar to that of the PVPh-NDOA mixture. Therefore, octadecyl chains of the PVPh-DOMA mixture are also packed closely. The packing modifications of octadecyl chains of the PVPh-NDOA and PVPh-DOMA mixtures can be analysed by specific absorption bands in IR [19] [20] [21] [22] . -1 is assigned to the hexagonal packing α H of the hydrocarbon chains. Since the PVPh-DOMA mixture shows two absorbance peaks at 719 and 728 cm -1 , the octadecyl chains of the PVPh-DOMA mixture form a β O packing structure. On the other hand, the PVPh-NDOA mixture shows a single band at 720 cm -1 . Hence, the crystalline modification of the octadecyl chains of the PVPh-NDOA mixture is a hexagonal α H packing. Both pure NDOA and DOMA assume orthorhombic β O packing. Therefore, it is considered that the packing modification of the octadecyl chains of the PVPh-NDOA mixture is liable to be affected by hydrogen bonds with PVPh due to its relatively weaker segregation, compared to the PVPh-DOMA mixture. Fig. 2 . IR spectra in the frequency region of the CH 2 rocking mode of PVPh-NDOA and PVPh-DOMA mixtures Other characteristic features of the organized structures of the comb-like polymers appear in the long period. The side-chains of the comb-like polymers crystallize by either interdigitating or end-to-end packing. These features also appear in the PVPh-DOMA and PVPh-NDOA mixtures. Fig. 3 and Tab. 1 show SAXS profiles and q positions of diffraction peaks of PVPh-NDOA and PVPh-DOMA mixtures at ambient temperature. Here, q denotes the magnitude of the scattering vector defined by q = (4π/λ)sin(θ/2), where θ is scattering angle. The PVPh-NODA and PVPh-DOMA mixtures show up to third-and second-order diffraction peaks, respectively. The q positions are relatively assigned to 1:2:3 for PVPh-NDOA and 1:2 for PVPh-DOMA mixtures. Therefore, both the PVPh-NDOA and PVPh-DOMA mixtures assume lamellar structures. The periodic distance of the lamellar structures estimated from first-order diffraction peaks of SAXS profiles are calculated to be 3.5 nm for the PVPh-NDOA mixture and 2.5 nm for PVPh-DOMA. These periods are longer than the length of an octadecyl chain with planar zigzag conformation [17] . However, they are shorter than twice the length of an octadecyl chain. Hence, it is predicted that octadecyl chains of the PVPh-NDOA and PVPh-DOMA mixtures orient perpendicularly to the PVPh layer with interdigitated packing. 
Results and discussion
Summarizing the experimental results, the ordered structures of the PVPh-NDOA and PVPh-DOMA mixtures can be drawn schematically as in Fig. 4 . From SAXS results we conclude that the alkyl chains of PVPh-DOMA are interdigitated more closely than those of the PVPh-NDOA mixture. In addition, the packing modification of the PVPh-DOMA mixture (orthorhombic β O packing ) is more dense than that of PVPh-NDOA (hexagonal α H packing). These differences are caused by different strengths of aggregation of the alkyl chains of the PVPh-NDOA and PVPh-DOMA mixtures. The population of the alkyl chains in the PVPh-DOMA mixture is two times larger than that in PVPh-NDOA. Therefore, in the PVPh-DOMA mixture, the alkyl chains can aggregate preferentially against hydrogen bonds. Consequently, the PVPh-DOMA mixture forms an ordered structure in which the alkyl chains are interdigitated more closely and packed more stably as compared with the PVPh-NDOA mixture. Fig. 4 . Schematic representation of the mesomorphic structures of (a) the PVPh-NDOA and (b) the PVPh-DOMA mixture
